The quantitative model proposed here for nanoimprinting by thermoplastic compression molding is focused on bulk metallic glasses (BMGs), but it is also applicable to polymers and other thermoplastic materials. In our model the flow and pressure fields are evaluated using the lubrication theory, and the effect of molding pressure, BMG viscosity, and capillary pressure on the spatial distribution of nanoimprinted features is determined. For platinum-based BMG the theory that takes into account capillary pressure but no other surface stresses agrees very well with experimental results. For palladium-based BMG (prone to oxidation) the extended theory includes an additional threshold pressure required to break the oxide layer that forms on the BMG surface. Our analysis provides important insights into flow behavior of BMG supercooled liquids. In particular, a new method for measuring surface tension and viscosity of BMGs and evaluating the strength of the surface oxide layer is demonstrated.
Introduction
Thermoplastic forming (TPF) of bulk metallic glasses (BMGs) has emerged as a high-throughput technique for the fabrication of objects ranging from net-shape components to non-planar patterned surfaces [1] . An essential feature of the TPF technique is the utilization of the supercooled liquid state between the glass-transition and crystallization temperatures. A BMG alloy can remain in the metastable liquid state for several minutes prior to crystallization and has a relatively low viscosity (in the range of 10 5 -10 9 Pa s for some materials [2] [3] [4] ). Combined with low processing temperature, this has enabled a wide range of thermoplastic processing methods, such as compression molding, blow molding, extrusion, rolling, and writing-erasing [5] [6] [7] [8] [9] .
Our work focuses on the analytical description of thermoplastic compression molding of metallic glasses. The compression-molding technique is widely used in surface patterning of polymer resists in nanoimprint lithography [10] . It has been recently applied to metallic glasses for fabricating metal surfaces with controlled topography spanning from the microscale [5, [11] [12] [13] [14] , to the sub-nanoscale [15] [16] [17] [18] [19] . One key challenge in fabricating surface structures through compression molding is the uniformity of pattern transfer. Pattern nonuniformities in nanoimprinting are a major concern not only for metallic glasses but for polymeric materials [20] as well. Figure 1 shows an example of metallic-glass nanopatterns achieved by compression molding on an alumina template. The length of the nanorods obtained in this process decreases from the center to edge of the sample. The main cause of the pattern variation is the nonuniform pressure distribution in a parallel-plate compression-molding system. To provide a quantitative understanding of the pattern transfer in nanoimprinting, we develop a lubrication theory for the flow and pressure distributions and determine the effect of the Figure 1 . An example of nonuniform pattern transfer achieved in compression molding of BMGs. In a circular disk of Pt-BMG pressed on nano-porous alumina, the filling length decreases from the center towards the outer edge of the sample.
pressure variation on the uniformity of the pattern. The theory treats the BMG as a Newtonian fluid, and in its basic version our model takes into account the capillary stresses (whenever applicable) but no other interfacial stresses.
We find that for platinum-based BMG our theory provides an accurate analytical description of the nanomolding process (including the nanorod-length profile). For palladium-based BMG a significant discrepancy between the theory and experiments is observed. However, the deviations can be captured by including in the theoretical description additional surface stresses associated with formation of the rigid oxide layer that hinders flow of the material into nanopores.
Our analysis thus provides important insights regarding properties of BMG. Moreover, a comparison between theoretical results and observed behavior may help determine properties that are otherwise difficult to measure due to the high viscosity of BMG at the processing temperature. While our approach is primarily focused on metallic glasses, our theory is also applicable to other thermoplastic materials, such as polymers.
Compression molding
In a typical compression molding-based TPF experiment, a spherical or cylindrical BMG sample is placed on a flat or patterned mold, which is heated to a temperature above the glass-transition temperature of the metallic-glass alloy (figure 2). A constant or time-varying load F is applied, causing the metallic glass to form a flat or patterned circular disk with slowly growing radius R.
In this study, platinum-based metallic glass Pt 57.5 Cu 14.7 Ni 5.3 P 22.5 (Pt-BMG) was used as a model system because it is inert to oxidation. We have previously shown that for this alloy the capillary pressure affects the viscous flow at nanoscale [16] , but other surface phenomena such as rigidity of an oxide layer are not present. To illustrate insights Figure 2 . Schematic of disk flattening and surface patterning in compression molding of BMGs. A spherical BMG sample of radius R 0 is formed into a flat or patterned circular disk of radius R by pressing between heated molds. that our theory can provide for systems with more complex interfacial properties, we supplement our analysis of Pt-BMG with some results for the palladium-based metallic glass Pd 43 Cu 27 Ni 10 P 20 (Pd-BMG), which is prone to oxidation.
The disk flattening and mold-filling experiments were performed at 270 • C for Pt-BMG and 350 • C for Pd-BMG, under a linearly increasing load. Nano-porous alumina was used as a template for mold-filling experiments. After compression molding, the samples were cooled to room temperature and characterized by scanning electron microscopy to measure the diameter and thickness of flat disks and the dimensions of nanofeatures. In our theoretical analysis we have calculated the effect of both constant and linear-ramping load profiles.
3. Flow and pressure fields in the BMG sample
The system
We consider the axially symmetric system depicted in figure 2. An initially spherical (or cylindrical) BMG sample is compressed between two hard surfaces (flat or patterned).
The material in the supercooled liquid state flows under the applied stress, resulting in the formation of a thin BMG disk.
In this section we determine the flow and pressure fields in the sample during compression molding. The results are used in section 4 to describe the dynamics of the disk-flattening process and in section 5 to evaluate the penetration length of BMG into the cavities of a patterned substrate.
Our analysis is based on two assumptions regarding the properties of metallic glass under the processing conditions: (i) the material behaves as a Newtonian fluid; and (ii) it satisfies the no-slip boundary conditions on the mold surfaces. According to previous investigations [7, [21] [22] [23] , these assumptions are satisfied under typical TPF conditions.
Since the viscosity η of Pt-BMG in the supercooled liquid state is of the order of 10 6 Pa s, the disk flattening occurs under creeping-flow conditions. Therefore, the flow of BMG can be described by the Stokes equations
where v and p are the velocity and pressure fields.
The thickness h and the radius R of the BMG disk are related via the constant-volume constraint
where V denotes the volume of the thermoplastically formed material. Accordingly, the ratio between the disk thickness and radius can be expressed in the form
where R 0 is the radius of an equivalent sphere of volume V (i.e., V = 4 3 πR 3 0 ). The ratio (3) becomes small,
after the disk radius grows beyond R 2.5R 0 .
Since the initial disk flattening occurs very fast (as discussed in section 4), condition (4) is satisfied during most of the TPF process. Thus, except for the initial transient evolution, the behavior of the system can be described using the thin-film lubrication approximation [24] .
Lubrication description and evaluation of the velocity and pressure fields
As illustrated in figure 3 , in the thin-film regime (4) the transverse flow component (i.e., the component across the gap) is negligible compared to the radial flow component. Moreover, the pressure does not vary across the gap. Thus, to the leading order in h/R, the flow and pressure fields have the form
where r and z are the radial and transverse coordinates, and e r is the unit vector in the radial direction. Since the radial variation of v is much slower than the transverse variation, the Stokes equation (1) yields the lubrication equation of the form [24] η ∂ 2 v dz 2 = dp dr .
On the solid surfaces z = 0 and z = h the velocity field satisfies the stick boundary condition
The solution of the lubrication problem (6) and (7) has the form of a local parabolic pressure-driven flow
The pressure gradient dp/dr can be expressed in terms of the radial velocity at the position r, averaged across the metallic-glass film,
Inserting (8) into equation (9) yields dp dr
Equation (10) combined with the volume-conservation constraint allows us to determine the radial velocity and pressure distribution in the metallic-glass disk. The fluid flux through the circumference of a circle of radius r balances the volume change due to disk thinning. Hence, we have the relation 2πrhu(r) = πr 2 dh dt (11) for the average velocity (9) at a distance r from the center of the disk. Taking into account that the gap-averaged velocity u at the edge of the disk equals the velocity u a of the BMG front,
Equation (11) implies that
i.e., u varies linearly from zero at the center of the disk to u a at the disk edge.
Integrating the pressure gradient (10) with u given by relation (13) and eliminating the disk thickness h by using the volume constraint (3) yields the radial pressure distribution
Accordingly, the total load
can be expressed as
Using equation (16) we eliminate the front velocity u a from the expression (14) for the pressure,
As depicted in figure 4 , the pressure p has a parabolic distribution with its maximum at the center of the disk, and it vanishes at the edge of the disk. In our derivation of equations (14) and (17) we have assumed that the capillary pressure due to the curvature of the advancing front of BMG disk is negligible compared to the pressure resulting from the applied load. For macroscopic sample sizes and typical values of the applied load this assumption is satisfied with good accuracy. However, since the capillary pressure is important on the submicrometer scale, it has been taken into account in the analysis of surface patterning presented in section 5.
Description of the disk-flattening process

Evolution of the disk radius
The time evolution of the disk radius R is determined by inserting the relation Figure 4 . The dependence of the normalized pressure R 2 p/F on the normalized radial position r/R in a disk-shaped BMG sample during a TPF process. The pressure has a parabolic distribution with its maximum at the center of the disk.
into (16) . Integrating the resulting differential equation
yields
where
is the accumulated load, and R ini denotes the initial disk radius. The value of the parameter R ini affects the initial disk evolution, but has negligible effect at the later stage of the disk-flattening process. Figure 5 shows the evolution of the disk radius for two typical experimental protocols. In the first protocol the applied load is constant in time,
and in the second protocol the load grows linearly with time,
(where β is the load-ramping rate). In both cases the results are shown for the same value of the dimensionless accumulated load Q max /(ηR 2 0 ) = 10 6 at the end of the TPF process. We find that for both protocols the disk radius initially grows rapidly, and at later times the growth rate decreases significantly. The decrease is less pronounced for the linear-ramping protocol (23) : according to equations (20) and (21), at long times we have R ∼ t 1/8 for the constant-load (22) and R ∼ t 1/4 for the linear-load-ramping (23) .
The low fractional values of the exponents in the above expressions (and the associated slow growth of the disk radius R) stem from the fact that for larger R (i) the load is distributed over a larger area; (ii) the pressure drop occurs over a larger distance R; and (iii) for a given value of the pressure gradient 6 . The time t is normalized by the value T needed to achieve Q = Q max .
(10), the velocity u is smaller because of a smaller value of the disk thickness h.
A comparison of the lubrication theory with disk-flattening experiments
In this section we compare the lubrication expression (20) with experimental results for flattening of a Pt-BMG disk. The initially spherical Pt-BMG samples were thermoplastically formed using the linear-load-increase protocol (23) with the ramping rate β = 11 N s −1 . To determine the time evolution of the disk radius, we carried out a sequence of experiments that terminated at different times (up to 200 s). At the end of each experiment the radius and thickness of the resulting BMG disk were measured. The results are summarized in table 1.
A comparison of our experimental results with the theory described in section 3.2 is presented in figures 6 and 7. In figure 6 (20) in which the BMG viscosity η has been used as a fitting parameter.
The reduced initial radius
was also adjusted to reflect the fact that equation (20) does not accurately describe the initial stage of the forming process (which starts from a sphere rather than a flattened disk). The results shown by the solid line in figure 6 were obtained using η = 2.5 MPa s andR ini = 1.3. The fitted value of the viscosity is consistent with previous measurements [4] . A value ofR ini that is slightly larger than unity reflects the fact that the initial flattening of a sphere occurs faster than predicted by relation (20) . The experimental and theoretical results for the disk radius evolution agree fairly well, as shown in figure 6 (solid line). However, it is also evident that the experimentally determined rate of disk growth at longer times is somewhat slower than the growth predicted by the lubrication theory. The discrepancy cannot be explained in terms of capillary forces. Taking into account that the interfacial tension of Pt-BMG is of the order of 3 N m −1 (cf section 5.2), we find that σ/h F/R 2 throughout the disk-flattening process, which implies that capillary stresses are negligible.
To provide a better insight into a possible source of the disagreement between the lubrication expression (20) and the experiments, in figure 7 we replot the results in a rescaled form that amplifies the observed discrepancy. The figure shows the 
where R and Q are evaluated from the experimental results listed in table 1, andR ini is a fitting parameter (for which we takeR ini = 1.3, the same value as in figure 6 ). Expression (25) , which can be interpreted as the apparent BMG viscosity, is plotted versus the processing time. The linear fit to the experimental data,
is represented by the dashed line in figure 7 .
If the system dynamics were fully described by the lubrication expression (20) , relation (25) would yield a unique value of η for all experiments. However, the results in figure 7 indicate that the apparent viscosity (25) systematically increases with the processing time, and this increase is approximately linear. (A similar trend has also been seen in a series of experiments with smaller BMG samples). With the viscosity adjustment (26) and (27) , we find that the analytic and experimental results agree very well (as shown in figure 6 by the dotted line). The observed systematic increase of the viscosity (25) is likely to be a manifestation of a change of BMG properties during the TPF process. A possible origin of the observed viscosity increase is the evolution of the BMG microstructure due to the onset of crystallization. This hypothesis, however, requires further study.
Surface patterning
In this section we analyze filling of cylindrical mold cavities during compression molding of BMG (as shown in figures 2 and 8). Understanding the filling dynamics is important for obtaining well-controlled microstructured surfaces via imprinting.
The lubrication results derived in the preceding sections are applied to determine the penetration length l f of BMG into cylindrical cavities. We focus here on pores with circular cross-section. However, with an appropriate modification of a numerical factor in the Hagen-Poiseuille expression for the pressure drop in the pore, our results apply to pores with different cross-sections as well. Since we are interested in submicron-size pores, the effects of capillary stresses on the pore-filling dynamics are included in our analysis. Our theoretical predictions (see section 5.1) are compared with experimental results for Pt-BMG in section 5.2. The theory is generalized in section 5.3 to include the effect of a rigid oxide layer that hinders pore filling, and the modified theory is compared with experimental results for Pd-BMG.
Lubrication predictions for the filling profile
As illustrated in figures 2 and 8, the lubrication pressure produced by the load applied to the BMG sample pushes the thermoplastic material into the pores of the mold. Thus, the penetration length l f of the BMG into a pore depends on the pressure history at the position of the cavity.
Pore-filling dynamics.
Neglecting the entrance effects, the pore-filling velocity dl f / dt can be described using the Hagen-Poiseuille equation,
Here d p is the pore diameter, and p f is the pressure that drives the Poiseuille flow in the pore. This driving pressure is associated with the local lubrication pressure p produced by the load applied to the BMG disk, but for narrow pores it also includes the capillary contribution p σ associated with the interfacial tension σ of the curved BMG front in the pore,
The history of lubrication pressure at the pore location can be determined using relations (17) and (20) . For the constant-load protocol (22) and linear-load-ramping protocol (23), the pressure evolution at several locations with respect to the disk center is depicted in figure 9 . Until the BMG front reaches the pore position, the pressure equals zero. The results show that later it either monotonically grows for the linear-ramping protocol, or grows and then decreases for the constant-load protocol. The pressure is largest at locations near the center of the disk.
Contact angle and capillary pressure. Depending on the contact (wetting) angle θ between the BMG and material of the mold (cf figure 8) , the capillary contribution
can have a positive or negative value. The capillary pressure (30) is positive for θ < 90 • , pulling the BMG into the pore, and it is negative for θ > 90 • , hindering pore filling. The capillary pressure plays a critical role in surface patterning at the nanoscale [16] -for small pore diameters the capillary pressure is large, and it can completely hinder the pore-filling process.
Evaluation of the filling ratio.
Integrating equation (28) from the initial time t min (i.e., the time where the filling of a pore at the position r begins) to the final time
The lower integration limit in equation (31) depends on the sign of the capillary contribution to the driving pressure (29). In the absence of the capillary contribution and for its positive values, p σ ≥ 0, the lower integration limit t min corresponds to the time when the BMG front arrives at the pore location r. In the case of a negative capillary contribution, p σ < 0, the lower limit t min is the time when the lubrication pressure (17) at the pore location, p = p(r, R min ), reaches the value sufficient to overcome the opposing capillary pressure,
The corresponding disk radius is
For the constant-load protocol (22) the pressure at the pore position may decrease after reaching the maximal value (as illustrated in figure 9 ). If the lubrication pressure drops below the capillary pressure, the material will flow back. Expression (32) remains valid in this case, provided that the advancing and receding contact angles are the same (however, different values of the contact angles can be easily incorporated in the calculation by splitting the integral into parts describing the advancing and receding motion).
Using relation (17) , the time integration in equation (31) can be explicitly performed. Namely, by applying expression (19) to change the integration variable from t to R and taking into account that p = 0 for R < r, we find that the pressure integral
can be expressed in the form q(r, R) = 9 16
Combining equations (31) and (35) yields the filling ratio
where R T = R(T) is the final radius of the disk. Since the quantities R min and t min can be determined using relation (32) for arbitrary load variation and arbitrary capillary stress, equation (36) yields quantitative predictions for the filling
In what follows we derive explicit expressions for l f /d p , depending on the value of the capillary stress. In section 5.1.3 we consider a system with negligible capillary pressure. The solution does not depend on the load-application protocol in this case. Section 5.1.4 discusses systems where the capillary pressure cannot be neglected (and where the results depend on the time variation of the load). Explicit analytical expressions for R min and t min are provided for constant-load and linear-ramping protocols. For an arbitrary load variation the solutions can be evaluated numerically. 
Filling ratio in the absence of capillary stress.
In the absence of capillary stresses, p σ = 0, expression (36) for the filling ratio l f /d p reduces to
where we used the relations R min = r and q(r, r) = 0. The result (37) is independent of the load-application protocol F = F(t). The normalized filling ratio, defined by factoring out the ratio of the final disk radius R T to the equivalent sphere radius R 0 ,
depends only on the relative pore position r/R T ,
whereq
The normalized filling ratio (39) is represented in figures 10(a) and (b) by the solid lines.
Filling ratio in the presence of capillary stress.
For a nonzero capillary stress, p σ = 0, a specific form of the time variation of the load is important. The load history F = F(t) enters the expression (36) through the relations for the disk radius R min and the pore-filling time τ = T − t min . Both these quantities can be evaluated using the pressure expression (17) , and relations (20) and (21) for the radius evolution. In the two most important cases of constant load (22) and linear-load-ramping (23), explicit analytical solutions can also be derived. The results of our analytical calculations can be conveniently expressed in terms of relative radial variableŝ
normalized by the final disk radius R T , to provide expressions independent of the sample size. The capillary pressure p σ enters the problem through the dimensionless parameterp
is the average pressure in the BMG disk at the final time, and
The rescaled filling ratio (38) can be written in the form
is the dimensionless filling time. According to relations (38) and (44), the overall magnitude of the normalized filling ratio l f /d p is dictated by the disk flatness measured by the ratio R T /R 0 of the final disk radius to the radius of the initial spherical sample. In contrast, the normalized pore-filling profile (44) depends only on the relative pore positionr and normalized capillary pressurep σ , according to the expressions listed below.
Explicit analytical solutions.
As demonstrated in appendix A, for the constant-load protocol (22) we obtain the following expressionŝ
An explicit solution for the linear-ramping protocol (23) is available only under the simplifying assumption R ini = 0, where we get 
Due to the eighth power of the radii R ini and R in equation (20) , the approximation R ini ≈ 0 is accurate, except when the TPF process starts from an already flattened disk. Thus, the analytical result (44), (47) and (48) is sufficient in typical applications. Figure 10 illustrates the scaled filling ratio (38) for the constant-load and linear-load-ramping processes. The results show that the dependence of the filling ratio on the radial pore position r/R T is quite sensitive to the applied-load protocol. In the case of constant load, λ decays rapidly towards zero at the threshold value of r/R T , whereas for linear ramping the decay is more gradual. Our lubrication predictions for the filling-length profile thus indicate that the load-variation protocol can be used to control the radial distribution of the nanorod length on the nanoimprinted BMG disk.
A comparison of the lubrication theory with nanopore-filling experiments for Pt-BMG
In this section our prediction (36) for the filling ratio is compared with the experimental results for Pt-BMG on porous alumina template with pores of diameter d p = 200 nm. The loading profile is linear ramping, (23) , with the ramping rate β = 11.1 N s −1 and ramping time t max = 60 s. The sample weight is m = 9 mg, which corresponds to R 0 = 0.52 mm for the initial spherical sample. The final radius of the sample is R T = 2 mm, which yields
The results of our experiments are depicted in figure 11 , along with the corresponding theory. We find an excellent match between theoretical and experimental data using the experimental value (49) of the dimensionless radius and the valuep
for the rescaled capillary pressure (42). The results show that only one fitting parameterp σ is required to match theoretical and experimental results. The parameterR ini is set to zero, because its value has an insignificant effect on the filling ratio (as indicated in sections 4.1 and 5.1.4). The value (50) of the rescaled capillary pressure yields
The result (51) can be used to calculate the interfacial tension σ , provided that the contact angle θ is known. The contact angle evaluated from the molten drop experiments of Pt-BMG on alumina is 142 ± 10 • [25] . Our direct estimate of the contact angle at the processing conditions from an analysis of SEM images of Pt-BMG nanorods molded in alumina yields 130 ± 10 • . Using the latter range we get σ = 3.1±0.7 N m −1 . This value of surface tension is an order of magnitude higher than the previously reported value of 0.19 N m −1 [26] . However, our result is of the same order as the surface tension (2.2 N m −1 ) of elemental Pt at 270 • C [27] . Thus we believe that our measurement is more reliable than the result reported in [26] . 
Nanoimprinting of Pd-BMG: the effect of surface oxide layer
This section extends the scope of our theory to analyze surface patterning of Pd-BMG, a material for which not all assumptions formulated in section 5.1 are satisfied. The Pd-BMG is prone to oxidation, and we show that the balancing the external load, viscous stresses, and capillary forces is insufficient for modeling the dynamics of the pore-filling process for such materials. However, if the additional stresses that result from the presence of a rigid oxide layer on the BMG surface are included in the force balance, an accurate description of the pore-filling process is obtained. Therefore, in addition to a useful representation of the nanoimprinting dynamics, our theory provides important insights into the mechanics of the oxide layer at the nanoscale.
Similar to the experiments with Pt-BMG, described in section 5.2, an initially spherical Pd-BMG sample is processed on a nanopatterned alumina substrate using the linear-ramping load profile (23) . The diameter of the cylindrical pores in the substrate is d p = 150 nm. The ramping rate β = 11.1 N s −1 is the same as in the Pt-BMG experiments, but the ramping time t max = 90 s is longer. The sample weight is m = 10.2 mg, which corresponds to the radius R 0 = 0.638 mm of the initial sphere. The final radius of the sample is R T = 2.3 mm, which yields
for the dimensionless disk-flattening ratio. Several images of the nanorod pattern obtained in the molding process are depicted in figure 12 . The corresponding plot of the pore-filling ratio l f /d p versus the relative distance of the pore from the disk center is presented in figure 13 . Similar to the results shown in figure 1 , the filling length decreases from the center of the disk towards its edge. However, for Pd-BMG the decrease is much more abrupt than for Pt-BMG. Moreover, the pattern has significant local nonuniformities of the filling length, with regions of long rods coexisting with neighboring regions of short rods or no rods at all. Such a behavior indicates that there must exist an additional factor that influences the nanoimprinting process, beyond the phenomena taken into account in our theory so far.
Since Pd-BMG is prone to oxidation [28] , we hypothesize that this additional factor is the formation of a rigid oxide layer on the BMG surface (i.e., the layer must be broken before the BMG starts flowing into the pore). The above conjecture is confirmed by a direct comparison of the experimentally determined filling ratio with the analytical results derived in section 5.1. Unlike the results for the Pt-BMG depicted in figure 11 , the filling ratio l f /d p presented in figure 13 cannot be described by equations (44), (47) and (48) for any value of the rescaled capillary pressurep σ . As shown by dashed lines in figure 13 , the theory assuming the capillary stress as the only surface stress yields a too slow decay of the filling ratio with the normalized distance from the disk center r/R T .
To make our theory more general by incorporating the resistance due to the presence of the oxide layer, we assume that the flow into a pore is arrested until the pressure at the pore position p(r) exceeds a threshold value −p B at which the oxide layer breaks; subsequently the pore filling is opposed only by the viscous and capillary stresses already included in our description. (For consistency with the sign convention used for the capillary stress, we assume that p B < 0, where the negative value indicates that the stress opposes the pore filling.) The resistance due to the presence of the oxide layer can be introduced into our analysis by replacing the capillary threshold (32) for the minimal radius R min at which the pore-filling process starts with the oxide-breakup threshold given by the pressure balance
By analogy with equation (47), for the load-ramping protocol the pressure balance (53) yieldŝ
is the dimensionless oxide-breakup pressure.
The expression for the filling ratio (44), withR min given by equation (54), is plotted in figure 13 forp B = −1.7 andp σ = −0.7. The corresponding unscaled oxidebreakup pressure is −p B ≈ 100 MPa and the capillary pressure is −p σ ≈ 40 MPa. A good agreement between the experimentally measured filling ratio l f /d p and our modified theory indicates that our hypothesis regarding the role of the oxide layer captures the essential mechanism involved in nanoimprinting of Pd-BMG.
In our future investigations we will use insights from our present lubrication analysis of compression molding and nanopatterning to develop a comprehensive theory of nanoimprinting of oxidation-prone BMGs. The present assessment of the effect of the oxide-layer stiffness on nanopore filling will be combined with a description of the kinetic balance between oxide formation and its removal. The analysis of the removal process due to contact-line motion is already available in our previous paper [19] .
Conclusions
This paper presents a quantitative model of nanoimprinting of metallic glasses. The flow and pressure fields in a disk-shaped sample have been evaluated in the lubrication approximation, and the results are used to determine the effect of a pressure distribution on the uniformity of pattern replication. The theory accurately describes the results of disk-formation and nanoimprinting experiments, so this work will impact the design of a compression-molding process for achieving predictable surface patterns in thermoplastic materials.
Based on our theoretical results, we propose a method using the spatial variation of the normalized mold-filling ratio l f /d p to determine the surface tension of BMG. The new technique requires no prior knowledge of BMG viscosity at the processing temperature. The surface tension of BMGs is difficult to measure, because the high viscosity of the material results in very long capillary relaxation times for macroscopic samples. Our new method will thus help fill an important knowledge gap. Furthermore, our analysis of the dynamics of disk flattening provides a unique technique for measuring the viscosity of metallic glasses. Therefore, two key properties of metallic glasses, the surface tension and viscosity, can be determined in a single experimental setup.
Our approach also offers insights into the role of different interfacial phenomena that affect nanoimprinting of BMGs. An excellent agreement between the theoretical and experimental results for the model system of Pt-BMG indicates that capillary pressure is the only surface stress that governs the flow of this material at the nanoscale. However, in the case of oxidation-prone Pd-BMG the nanoimprinting process cannot be described by our basic model for any value of the capillary-pressure parameter. Therefore, we propose a generalized approach that includes an additional threshold pressure to break the rigid oxide layer. The extended theory captures the behavior of Pd-BMG and, moreover, provides valuable information about the strength of the oxide layer. We will use these results to study the kinetics of formation of oxide layers and their mechanical properties at the nanoscale in palladium-and zirconium-based BMGs.
In this appendix we derive equations (45) and (47) for disk radiusR min and equations (46) and (48) for the filling timê τ to be used in the expression (44) describing the spatial profile of the dimensionless filling ratio λ. The results given in appendix A.1 are for the constant-load protocol (22) , and in appendix A.2 for the linear-load-ramping protocol (23) .
A.1. Constant-load protocol (22)
For a constant load F = F T , the disk radius R min is obtained by solving equation (32) with the pressure distribution given by equation (17) . Combining (17) and (32) 
A.2. Linear-ramping protocol (23)
For the constant-ramping protocol (23) the radius-evolution equation (17) and pressure-distribution equation (20) Inserting the time ratio (A.6) into (A.9) yields (47) for p σ < 0.
